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Abstract 
The evolution of the electron transport in thin films of chromium-carbon nanocomposites is studied over the temperature range 
4.2-300 K by chromium concentration variation from 0.2 to 0.4. It is shown that conductivity of the nanocomposites 
demonstrates the power-like behavior in the two temperature intervals with a separating temperature about 20-25 K. Within each 
temperature interval the power exponent varies from the values close to 0 up to 0.6 and decreases with increase in Cr 
concentration from metal-insulator transition point. The concentration dependence of the power exponent in the low-temperature 
interval is characterized by the existence of the expressed minimum at Cr content close to 0.28 – 0.3. The experimental data are 
discussed and simulated in the model of inelastic tunneling of the electrons in amorphous dielectrics in the framework of the 
effective medium approximation. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the National R esearch Nuclear U niversity M E P hI (M oscow E ngineering 
P hysics Institute)  
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1. Introduction 
The granular materials attract at present considerable attention due to their potential industrial applications as 
sensors, optoelectronic devices, etc. Beloborodov et al. (2007). Their properties can be tuned in a rather simple way 
either during or after deposition. Additional perspectives appear from the capabilities of structural engineering 
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arising from the technological flexibility of the synthesis. This results in the ability of the nanocomposites to form 
the desired electrical response under external excitation which greatly broadens the field of their applications. From 
the viewpoint of fundamental physics, the competition among the number of physical phenomena such as quantum 
confinement of the electrons on the grain, grain-to-grain tunneling of the charge carriers, Coulomb blockade, 
discrete energy spectrum of the single grain, etc. may contribute to further progress in understanding of the charge 
transport nature in granular disordered solids. The metal-carbon nanocomposites considered as an ensemble of the 
conducting grains dispersed in disordered carbon matrix are the objects of particular importance. The interest to their 
study is motivated by the possibilities to combine the superior mechanical properties typical for the hard forms of 
amorphous carbon and functionality of the granular conducting materials. The complex structure of amorphous 
carbon allows to study the influence of the enhanced hierarchically-scaled disorder on the electron transport in 
granular matter.  
2. Experimental 
1.1 Sample preparation and methods 
 
The films of Cr-C nanocomposites with a thickness of about 1Pm were grown on the polished dielectric 
substrates utilizing the hybrid deposition technology, in which the PCVD of siloxanes vapours in DC plasma 
discharge is combined with DC magnetron sputtering of metal target. The substrates were positioned on the RF-
biased (1.84 MHz) substrate holder. The detailed description of the deposition process can be found elsewhere 
Nalwa (2001). The deposited nanocomposites possess the amorphous structure of the carbon phase Refs. Bozhko et 
al. (2004), Bozhko et al. (2004). The chromium phase can be considered as a granular one having the typical size of 
amorphous Cr-rich domains 2.6 r 0.4 nm Ref. Bozhko et al. The peculiarities of the structure allow to relate the 
investigated chromium-carbon nanocomposites to disordered granular materials. 
The conductivity of the samples was measured in the temperature range 4.2 – 300 K by the routine 4-terminal 
technique in a gas-flow helium cryostat. For the measurements the samples were patterned in RF (13.56 MHz) Ar 
discharge in a double Hall cross configuration using mechanical mask. The contacts to the film were made by Ag 
paint. 
The elemental composition of the chromium-carbon nanocomposite films was studied by EPMA JEOL JXA-
8200.  
 
1.2 Results 
 
The dependences of the conductivity on temperature over the Cr concentration range 0.2 – 0.4 demonstrate some 
common features as follows from Fig. 1 (a) where the temperature curves of normalized conductivity V(T)/V(300) 
are presented. The Cr content is shown near each curve. As can be seen from this figure the conductivity decreases 
monotonically with temperature for the Cr-C nanocomposite films over the entire Cr concentration range. The total 
variation of the conductivity in the temperature range 4.2 – 300 K increases with decrease in chromium content 
towards the metal-insulator transition point. It was found that temperature dependences of the conductivity possess 
the fine structure. The fine structure can be detected on the dependences of the temperature derivative of the 
conductivity on temperature. The dependences Vc(T)/Vc(300) are shown on a double logarithmic scale in the insert to 
Fig.1 (a). The Cr concentration in the column corresponds to the appropriate curve in their order from top to bottom. 
As it can be seen from this figure, the dependences of the conductivity derivative are characterized by the existence 
of two distinct temperature intervals (denoted as I and II) separated at temperature 20 – 25 K. In each temperature 
interval the Vc(T) dependences are characterized by the presence of extended linear parts. These linear parts 
correspond to the dependences of the conductivity on temperature in the form: 
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where T0 is a characteristic temperature.  
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Fig. 1. (a) Normalized conductivity V(T)/V(300) of Cr-C nanocomposite films vs. temperature. Insert – normalized derivative Vc(T)/Vc(300) vs. 
temperature; (b) Power exponent of V(T) dependences in temperature intervals I and II. Explanations are given in text 
The principal parameter in modern models of the conductivity of granular media which allows to discriminate the 
mechanisms of the electron transport is a value of power exponent p. Fig. 1 (b) illustrates the concentration 
dependences of p obtained by the fitting of conductivity curves (Fig. 1 (a)) in both temperature intervals using Eq. 
(1). The specific features of the dependences in both intervals are: i) power exponent decreases with increase in Cr 
concentration towards deep metallic state, having an expressed minimum in the low-temperature interval at ~0.3 of 
Cr, ii) the value of power exponent in the high-temperature interval is systematically higher than that in the low-
temperature one, iii) both values are less (except the right side of temperature interval I) than 0.15 for [Cr] > 0.25.  
The low values of the power exponent allow to attribute conductivity vs. temperature dependences to the 
logarithmic ones Ref. Efetov and Tschersich (2003). The logarithmic temperature corrections to the conductivity in 
granular materials are related at present to the principal charge transfer mechanism in granular metals with electron 
interaction. At temperatures gTG < kBT < EC the corrections to the Drude conductivity of granular arrays are 
dependent on temperature as: 
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where  the dimensionless intergranular conductance gT = GT/(2e2/h)  >> 1, G=(gFl3)-1 – the mean distance between 
energy levels in a single grain with size l, kB is Boltzmann’s constant, and EC|e2/2Hl – Coulomb charging energy of 
a single grain (here, H is the effective dielectric constant of the media).  
At lower temperatures kBT < gTG, the corrections to the conductivity are dependent on the dimensionality of the 
system d Ref. Beloborodov et al. (2004) and in a 3-dimensional case accept the form: 
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The conductivity of the Cr-C nanocomposites does not follow this simple scenario over the temperature and 
concentration range studied. First of all, the two logarithmic parts on V(T) dependences are observed. Besides the 
power character of the conductivity takes place only at the dielectric side of the chromium concentration range close 
to the metal-insulator transition. Moreover, in this case no logarithmic behavior of the conductivity is observed at all 
the temperatures studied. 
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It is generally accepted that the tunneling-percolation model is a good approximation for the disordered granular 
materials Ref. Ambrosetti et al. (2010). Within this model the charge transfer occurs via tunneling of the electrons 
between the conducting grains. The conductivity of such granular media depends on temperature only if the 
temperature-dependent intergrain tunneling takes place between at least some conducting grains. The appropriate 
candidate for this role of temperature-dependent tunneling may be the inelastic intergrain tunneling of the electrons 
proposed as a main charge transfer mechanism in thin films of amorphous dielectrics Ref. Glazrnan and Matveev 
(1988). Following this model the temperature-dependent part of the conductivity of amorphous dielectric is formed 
in the tunnel channels via the chains of localized states. The conductivity of the single chain containing more than 
two localized states n depends on the temperature by the power way: 
 
  12~ ' nnTTV           (4) 
 
The total conductance of the sample is a sum of the conductance of all the channels. When n o f the conductivity 
of the dielectric tends to Mott’s variable range hopping conductivity. The model of the inelastic tunneling of the 
electrons gives a good basis for the understanding of the peculiarities of the electron transport in granular materials 
with disorder.  
Above the metal insulator transition point the infinite conducting cluster which consists of the tunnel junctions 
with not more than one localized state in the intergrain potential barriers exists. The temperature dependence of the 
conductivity of such cluster is weak Ref. Glazrnan and Matveev (1988). The parts of the infinite conducting cluster 
are shunted by the junctions with more than two localized states giving the principal contribution to the temperature 
dependence of the conductivity.  
In order to check the applicability of this model the V(T) dependences of the chromium-carbon nanocomposites 
were fitted in the framework of the effective medium approximation Ref. Vinogradov (2001). Taking into account 
the model of the inelastic tunneling of the electrons the Cr-C nanocomposite was considered as a binary mixture of 
the conducting and insulating species. The conducting species represent the intergrain tunnel junctions whose 
conductivity Vm does not depend on temperature. The dielectric domains are responsible for the intergrain tunnel 
junctions with two localized states. Their temperature-dependent conductivity was taken in the form Vd=V1(T/T0)1.33, 
where the power exponent equal to 1.33 appears from the model by Glazrnan and Matveev (1988) for the inelastic 
channels with n = 2 (Eq. (4)), and T0 stands for the characteristic temperature introduced in order to retain the 
parameter V1 in units of conductivity. For the simplicity its value was chosen as 1 K. This model takes into account 
only the temperature-independent elastic tunnel junctions and the inelastic tunnel junctions containing two localized 
states inside the intergrain potential barriers. In the framework of the effective medium approximation the effective 
conductivity of the nanocomposite Veff, the conductivities of metal Vm, dielectric Vd species, and metal phase fraction 
Xm are related by the equation Ref. Vinogradov (2001): 
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Despite its limitations Ref. Vinogradov (2001) the model allows to trace the evolution of the chromium-carbon 
nanocomposites by Cr concentration increase. The results of the fitting of V(T) dependences for the high- and low-
temperature intervals are presented in Fig. 2 (a) – (c), where the Cr concentration evolution of parameters Xm, Vm, 
and V1 is shown. First of all it is necessary to note that fitting accuracy of the conductivity-temperature dependences 
of Cr-C nanocomposites using Eq. (5) is as high as by Eq. (1). It follows from fitting that the metal bond fraction Xm 
increases with increase in Cr concentration (Fig. 2 (a)). In the framework of the model discussed it implies that the 
distance between metal grains decreases faster than the concentration of localized states inside the intergrain 
potential barriers. Besides the inelastic tunneling channels do not form an infinite cluster as far as the value of 1 – 
Xm remains well below the percolation threshold (~0.25) over the entire Cr concentration. It means that corrections 
to the conductivity are formed in the channels which consist of serially connected elastic and inelastic parts. The 
elementary metal conductivities are identical in both temperature intervals (Fig.2(b)). This result confirms the 
reliability of the model used. And finally, as it was expected the main difference between the temperature intervals 
arises from the inelastic tunneling channels, 
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Fig. 2. Dependences on Cr concentration (a) Xm metal phase fraction; (b) conductivity Vm of metal species; (c) conductivity V1 of dielectric 
species; Open and solid squares correspond to temperature interval I and II respectively. Explanations are given in text 
as can be concluded from Fig. 2 (c). The conductivity of the low-temperature inelastic channels greatly exceeds that 
of the high-temperature one. The dependences of the fitting parameters are monotonic and have no peculiarities near 
the value of Cr concentration close to 0.3. Thus, the observed minimum of the power exponent in the low-
temperature interval is a result of the interplay between the microscopic parameters of chromium-carbon 
nanocomposites. 
3. Conclusions 
The conductivity of the chromium-carbon nanocomposites was studied in the temperature range 4.2 – 300 K and 
the chromium concentration range from 0.2 to 0.4. It was found that conductivity decreases with decrease in 
temperature over the entire temperature and metal concentration range. The dependences of the conductivity on 
temperature possess the fine structure. It results in the existence of the two distinct temperature intervals separated at 
temperature 20 – 25 K. Within each temperature interval the conductivity has an expressed power character with a 
power exponent dependent of chromium content. The low values of power exponent in both temperature intervals 
allow to assume the logarithmic character of the corrections to the conductivity. It was shown that the model of 
inelastic tunneling of the electrons between conducting grains can be a good approximation for the electron transport 
in chromium-carbon nanocomposites.  
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